The feasibility of using soft X-rays from the Aladdin storage ring for small-angle X-ray scattering (SAXS) experiments was demonstrated through the study of the diffraction patterns of polyethylene, paraffin and polystyrene latex spheres using monochromatized radiation in the range 4.0-7.1 A.
Introduction
Small-angle X-ray scattering (SAXS) is a method widely used in materials science for the determination of particle size and composition. The advantages of using long-wavelength radiation for high-resolution work and for the study of macromolecular structures were emphasized in the pioneering work of Herglotz (1984) . However, extension of this technique using conventional X-ray sources was difficult owing to low photon flux and collimation problems. The availability of synchrotron radiation has largely eliminated these problems. The use of tunable monochromatized synchrotron radiation has revolutionized the applications of SAXS (Stuhrmann, 1989) . Apart from the high photon flux and small angular divergence which greatly reduces data acquisition time and allows the measurement of thicker samples with heavier elements, the phenomenon of anomalous scattering can be explored for contrasting atomic species (Stuhrmann, 1989) . Soft X-rays with wavelengths from 3 to 10 A. are particularly interesting as the absorption edges of all of the second-row elements fall into this range, and should have a wide range of applications in the study of minerals and biological materials. Very recently, several designs of SAXS apparatus for short-wavelength synchrotron X-rays in the range 0.5-3 A have been reported (Siddons, Riekel & Hastings, 1990; Long, Jemian, Weertman, Black, Burdette & Spal, 1991; Pahl, Bonse, Pekala & Kinney, 1991) . 
Pinhole camera

Apparatus and experiment
Synchrotron radiation from the Aladdin storage ring was monochromatized with an InSb double-crystal monochromator (DCM). Details of the beam-line design have been published elsewhere (Yang, Middleton, Olsson, Bancroft, Chen, Sham, Tan & Wallace, 1991) and only the salient features will be described here. The principal advantages of the monochromator are its high resolution (< 1 eV) and its ability to minimize heat load on the crystal and to maintain a beam focus to within 0.5 mm over the spectral range 3-7 ,~. This design allows a long exposure time and reduces alignment problems associated with wavelength variation. The incident photon flux at the sample was about 10 l° photons s -1 when the synchrotron was operated at 800 MeV with a beam current of 100 mA. Fig. 1 compares .. the theoretical bending magnet flux and the measured flux over the range 2-100A. An important feature of the apparatus is that the pinhole camera (W. H. Warhus Ltd) is isolated from the high-vacuum (<13 x 10 -7 Pa) beam line by a 1.5 lam Mylar window by an assembly of a gate and bypass valve that allows the sample chamber to be / operated in moderate vacuum (0.13 mPa) (Fig. 2) . A colli-D mator with an aperture of 0.25 mm was inserted before the sample. The maximum sample-to-film distance in the camera is 270 mm. The polyethylene sample (Union Carbide HPDE) was 25 pan thick and the paraffin sample (commercial grade) was 30 ~tm thick and was supported on a 1.5 pm thick Mylar window. Spectra were obtained with and without a 7 lam thick beryllium window placed after the sample to eliminate stray UV light. To avoid fogging of the X-ray photographic film (Kodak DEF-5) during loading, a thin (25 ~tm) blackened polyethylene film was placed over the film cartridge. Exposure times were typically 15-45 min for polyethylene and 1-1.5 h for the paraffin sample. A spectrum with a rotating polyethylene sample was taken to verify that the diffracted features were due to the sample. In another . experiment the diffraction patterns of standard polystyrene ' latex spheres (Polysciences Inc.), of nominal size 0.05-1 ~tm, were measured using a series of three apertures of 0.25 mm diameter for better collimation. The typical exposure time was approximately 5-10 min. Discussion a C , .
/ V SAXS spectra of polyethylene were measured at 4, 6 and 7.1 A. Fig. 3 shows the result at the two longest wavelengths. Despite the high absorption by the samples at these wavelengths, the familiar two-point pattern clearly shows the orientation of lamellae normal to the orientation axis. The diffracted pattern indicates a lamellar spacing of about 210A. The ring structures in the paraffin spectrum are consistent with interplanar distances of about 40 A. These simple test spectra show a significant improvement in spatial resolution over both conventional short-and longwavelength measurements. In previous studies using A1 radiation with a conventional X-ray source [1] (8.34 A), a 15-17h exposure time was required. The principle advantage, the increased intensity, is complemented by the ease of wavelength variation and therefore makes the use of the anomalous-scattering properties of materials possible. A representative diffraction pattern of a polystyrene latex sphere with a nominal diameter of 0.496 I~m obtained at e Fig. 3 . SAXS patterns of (a) polyethylene with 6.0 A radiation, (b) polyethylene with 7.1 A radiation and (c) paraffin with 7.1 A radiation. The polyethylene sample-to-film distance was 270 mm and the exposure time was 30 min. The paraffin sample-to-film distance was 50 mm and the exposure time was 1.5 h.
7.1 A. with an exposure time of 15 min is shown in Fig. 4 . At least 22 fringes are clearly identifiable from the photograph. There is good agreement between the observed and calculated (Bonse & Hart, 1966) positions of the fringes. In passing, it is important to mention that the SAXS patterns for polystyrene latex spheres have also been obtained with 17A (730eV) radiation using a grasshopper monochromator with a 1800 lines mm-1 grating. However, the energy resolution (>15 eV) is substantially poorer (Tan, Bancroft, Coatsworth & Yates, 1982) . To the best of our knowledge, the SAXS patterns presented here may have used the longest wavelengths yet reported 0 .01 .02 .03 .04 Fig. 4 . SAXS pattern of 0.496 ~tm polystyrene latex sphere measured at 7.1A.
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from a synchrotron source and they clearly show the feasibility of this technique. As indicated in Fig. 1 , diffraction experiments using wavelengths much longer than 7.1/~ are certainly accessible at the Aladdin storage ring provided an appropriate monochromator is used. The use of long wavelengths has the advantage of giving better resolution with fairly compact instrumentation and provides a unique opportunity for the application of anomalous scattering on biologically important S and P atoms. Future improvement in the instrumentation using the Bonse-Hart (Bonse & Hart, 1965 , 1966 Pahl, Bonse, Pekala & Kinney, 1991) multireflection design will greatly improve the resolution and therefore allow the study of larger macromolecules.
